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Abstract

Neutrophils not only play a critical role in host defense by migrating to the site of infection and producing reactive oxygen species (ROS), but also mediate
pathological processes involved in tissue destruction and inflammatory diseases. Therefore, it is important to assess and modulate neutrophil activities. In the present
article, I would like to share some of our research on neutrophils in relation with exercise and muscle damage. I will begin with my early studies on neutrophil
functional analyses and a newly developed measurement system. Then, some key data about effects of exercise, antioxidant modulation, mechanisms of exercise-

induced muscle damage, and possible preventive countermeasures targeting pathogenesis are described herein.

Introduction

Polymorphonuclear (PMN) or neutrophilic leukocytes
(neutrophils), a kind of white blood cell, make up 50 to 60% of blood
leukocytes (Figure 1) and they have a short life span of 6 to 20 h. Upon
infection, they rapidly move to the site of inflammation and ingest
microbes and cell debris in phagosomes. Especially, reactive oxygen
species (ROS) are produced, which are involved in killing microbes and
tissue damage. Neutrophils work in the initial stages of inflammation
and immune response.

In 1990, I started doing functional analyses of neutrophils using
the histochemical nitroblue tetrazolium (NBT) test [1,2], but it was
difficult to use to search for neutrophils on blood smears. Also, it was
not a quantitative measurement, although we could see phagocytosis
of microbes and black deposition, which reflects ROS production that
causes self-destruction and surrounding erythrocyte deformation and
damage (Figure 2).

In 1993, I started medical school, and had a chance to develop a
new simultaneous and quantitative chemiluminescence measurement
system for comparing many experimental conditions and samples of
neutrophils [3,4]. This took high-sensitivity measurements by photon
counting with a cooled CCD camera. It allowed for simultaneous
measurements of multiple samples in a 96-well microplate, under
regular intermittent shaking and at 37°C.

At first, we applied these advantages to the assessment of
micronutrient actions. Dr. Hasegawa, the first author of our paper that
described development of the measurement system [4], was engaged
in a study of zinc [5]. Then, Dr. Liu, who had written many papers on
antioxidant and pharmacological agents [6-8], became a professor at
China medical university soon after returning to China. I was a medical
student at the time and was engaged in exercise studies, because
neutrophil dynamics can be used as sensitive markers of exercise stress
[9-11]. We published many papers together on bioactive agents in
vitro, and stress reactions in vivo and ex vivo [12-14].

For example, we investigated the effects of 90-min of bicycle
exercise at the same anaerobic threshold (AT) level for 3 consecutive
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days on circulating leukocyte and neutrophil counts and on neutrophil
degranulation [9]. On Day 1, total leukocytes increased dramatically
due to neutrophils and there was degranulation of PMN elastase
in the circulation (Figure 3). This showed neutrophil mobilization
and activation following acute endurance exercise. However, these
responses were decreased on Days 2 and 3. When we measured the
capacity of neutrophils to produce ROS by luminol-dependent
chemiluminescence with ex vivo stimulation using opsonized zymosan
and phorbol myristate acetate (PMA), we found remarkable increases
on Day 1 only (Figure 4). Similarly, there was a marked increase in
the muscle damage marker, myoglobin, after exercise on Day 1 only
(Figure 5). The correlations seen among the variables suggested the
involvement of neutrophils in muscle damage and the involvement of
interleukin (IL)-6 in neutrophil mobilization [9,10].

Besides this study, we had investigated the effects of various exercise
conditions on neutrophils. We found that augmented ROS production
and degranulation depended on exercise intensity and duration [14-
20]. It was also suggested that exercise-induced neutrophil mobilization
and activation might be associated with muscle damage, but these
responses were decreased by daily repetition of exercise and training
[9,17,19], suggesting some anti-inflammatory mechanisms of exercise/
training. Indeed, it was demonstrated using this measurement system
[3,4] that post-exercise serum samples have much stronger potentials
to suppress neutrophil and monocyte activation [11].

However, there were several technical issues at that time. First,
to measure neutrophil functions, we needed to separate neutrophils
from whole blood (Figure 6). Also, great care was needed to do this. It
took at least 1 h to adjust a fixed cell concentration of neutrophils for
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Figure 1. Neutrophils shown on stained blood smears are characterized as polymorphonuclear (PMN) leukocytes containing neutrophilic granules (granulocytes) which include PMN
elastase and myeloperoxidase (MPO)

Figure 2. Neutrophils ingest zymosan (left), Staphylococcus. aureus (central), and were damaged by overproduction of reactive oxygen species (ROS) upon stimulation with phorbol
myristate acetate (PMA) together with surrounding erythrocyte deformation and damage (right). Black deposition reflects ROS production [16]
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Figure 3. Effects of same 90-min anaerobic threshold (AT) level bicycling for 3 days on circulating leukocyte and neutrophil counts and degranulation of neutrophils in men [9]
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Figure 4. Capacity of circulating neutrophils to produce ROS following same 90-min AT level bicycling for 3 days in men. Neutrophil activity was measured by ex vivo stimulation using
luminol-dependent chemiluminescence [9] which monitors MPO-mediated formation of highly toxic oxidants such as OCl-and ONOO- [4,12,16]

100 _
90 F

80

B

» 70 F

£ *ox

T 60 |

- ok

:g 50 F

®

S 40 F

=

g 30 F

-

3

w 20
10 r Day 1 Day.& Day 3
0 Pre ‘Durin‘-D\ui:nl. Past .Pwu-h.ht&h.ruuz-h. . Pre . Post .Ml-h. ' Pre ’ Post .Peltl-h.

30-min  60-min

Figure 5. Changes of muscle damage marker, serum myoglobin level, following same 90-min AT level bicycling for 3 days in men [9]
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Figure 6. Isolation of neutrophils with the density gradient centrifugation method

the functional analyses, and some researchers criticized the method,
saying that the recovery rate was low and the neutrophil functions were
altered from the in vivo environments.

Development of new measurement system of neutrophil
functions

In 2003, when I moved to Waseda University, I started trying to
solve these technical issues [11,20]. We started with developing a new
measurement system of neutrophil activity. We used hydrogel material
to mimic in vivo microenvironments (Figure 7).

To improve neutrophil migration, we had the chance to try a new
polymer. Researchers at Waseda University’s Faculty of Science and
Engineering had developed thermoreversible gelation polymer (TGP)
[21,22], which shows the interesting property, where it is a solution at
low temperature and a gel at higher temperature, which is something
reversed with Chinese isinglass or Japanese agar. The molecular design
of the material is a repeating chain of thermo-responsive polymers
and hydrophilic polymers (Figure 8). At less than 20°C, TGP is a
fluid, a solution, but above 20°C, it is a gel because of the thermo-
responsive polymer. To attract neutrophils, we tried to mix TGP with
chemoattractants such as IL-8 and extracellular matrixes.

For neutrophil functional measurements, we used heparinized
whole blood samples. TGP was used for neutrophil migration
[21,22], and luminol was used for measuring neutrophil-specific ROS
production [4,16]. First, the cooled solution was put into the tube
and warmed to 37°C. This resulted in a gel that firmly attached to the
bottom of the tube. Then, heparinized blood and luminol were mixed,
and the chemiluminescence signal was monitored without the isolation
of neutrophils by density gradient centrifugation (Figure 6). This new
method enabled us to start measurements immediately after blood
sampling. When the mixture of blood and luminol is added on the gel,
neutrophils start to migrate to the gel and emit chemiluminescence in
the transparent hydrogel, which can be detected by a photomultiplier
at the bottom of the tube (Figure 7). If there is any chemiluminescence
in the blood, it can be quenched by massive red blood cells (Figure
7). After measuring chemiluminescence for 1 h, whole blood can be
removed with warmed phosphate buffered saline (PBS), leaving the
migrated neutrophils. By cooling down the tube, the migrated cells
are suspended in solution and the cell count can be quantified with a
hematocytometer or automatic cell counter.
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Effects of endurance exercise on neutrophil functions

We then used this measurement system to investigate the effects
of intense endurance exercise [23]. Because we had already reported
that exhaustive endurance exercise causes neutrophil mobilization
and priming that might be associated with muscle damage [9,15-19],
we examined neutrophil activity ex vivo using our newly developed
neutrophil function measurement system.

Fourteen male triathletes completed a duathlon race involving 5 km
running, 40 km cycling, and 5 km running. Blood and urine samples
were collected before and after the race. The mean time of the race was
around 2 h. Part of the blood sample was used for plasma and serum
separation. Whole blood was mixed with luminol, and neutrophil
migration into the gel and ROS production were determined. In other
words, by using hydrogel to mimic damaged muscle tissue, we could
check the ability of neutrophils from freshly drawn blood to migrate
and produce ROS ex vivo (Figure 7). We also measured other variables
using whole blood, plasma, serum, and urine [23,24].

After the race, we observed increases in migratory neutrophils and
ROS production in the hydrogel. There were also dramatic increases
in plasma levels of IL-6, myeloperoxidase (MPO), and myoglobin.
Although there were no marked changes in IL-17, IL-23 and sSRANKL,

Whole blood + Luminol
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Mebiol gel
(37°0)

[ luminometer ]

Figure 7. Novel measurement system of neutrophil activity ex vivo [21]

== Thermo-responsive polymer
" Hydrophilic polymer

# Peptide-bound thermo-responsive polymer
(scaffolds for neutrophils)

=
L Ve o W o N
‘\jg:f\, trangg;g:tion
Al
—
AN\
A=A #‘

Low temperature ( 4°C ) =sol

High temperature ( 37°C ) =gel

Figure 8. Sol-gel transformation of thermoreversible gelation polymer (TGP) [22]
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some other cytokines were increased, especially in urine. These
cytokines, muscle damage markers, and MPO were closely correlated
(Figure 9). Therefore, in our research paper, we suggested that the
systemic inflammatory responses I described earlier [9] were, at least in part,
the underlying mechanisms of exercise-induced muscle damage [23,24].

Effects of local eccentric exercise on neutrophil functions

Delayed-onset muscle soreness (DOMS) occurs several days after
unaccustomed or eccentric exercise, but the underlying mechanisms
were not clear. Therefore, we examined the associations between
muscle soreness, muscle damage markers, and inflammatory mediators
[25]. The eccentric exercise protocol involved calf raise exercises.
We collected blood and urine samples before and after calf raise
exercises, and repeated this process over 4 days. We measured many
hematological and biochemical variables, muscle damage markers, and
inflammatory mediators including neutrophil functions as described
before [25].

DOMS occurred on day 2 and later after exercise. All of the muscle
damage markers were increased on day 4, except for myoglobin which
was increased earlier, on day 3, with better sensitivity. Total leukocyte
count was increased 4 h after exercise, and this increase was due to
neutrophils. There were also increases in neutrophil migration into the
gel and ROS production. However, other biochemical variables and
inflammatory mediators showed no change at all, unlike the findings
for endurance exercise [23,24]. Nevertheless, we found correlations
between the muscle damage marker myoglobin and muscle soreness
and between neutrophil migration and myoglobin [25].

This study demonstrated that circulating myoglobin concentration
was the most sensitive among the muscle damage markers, and it
was closely correlated with DOMS. Because circulating neutrophil
responses to exercise increased 4 h after exercise, this suggests that
neutrophils mobilized into the circulation can migrate to the muscle
tissue affected by eccentric exercise, and result in muscle damage and
inflammation.

In vitro actions of antioxidants and anti-inflammatory agents

Although we had confirmed that our measurement system was more
sensitive than other inflammatory markers, we decided to also check
the in vitro actions of antioxidants and anti-inflammatory agents. The
most representative antioxidant, vitamin C, did not reduce neutrophil
migration but did reduce ROS in a concentration-dependent manner.
On the other hand, the typical anti-inflammatory agent hydrocortisone

Inflammatory responses

r=0.8989

Muscle damage

Figure 9. Correlations of inflammatory responses and neutrophil activation [24]
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Table 1. In vitro effects of anti-oxidative and anti-inflammatory substances on neutrophil
activity

Migration ROS Production
Antioxidants
Vitamin C — |
Polyphenols — |
Catechins — |
Anti-inflammatory drugs
Hydrocortisone l |
Epinephrine — —

— : no changes; | : decreases by adding substances in vitro

reduced both neutrophil migration and ROS production. We checked
many other substances as well [26,27]. Only antioxidants reduced ROS
production in a concentration-dependent manner, but some anti-
inflammatory agents reduced neutrophil migration (Table 1).

Here, I will mention the interesting findings for curcumin, which
is a kind of polyphenol found in turmeric. Recently, the effectiveness of
curcumin was demonstrated in a wide variety of diseases related with
acute and chronic inflammation [28]. As for its mechanisms of action,
itacts on many inflammatory substances, but it was not known to act on
neutrophil functions at that time. We showed that curcumin attenuated
neutrophil migration in subjects with higher responsiveness, and it
attenuated ROS production in all subjects (Figure 10). These findings
suggest that curcumin is an antioxidant with some anti-inflammatory
action [22].

Effects of curcumin intake on exercise-induced oxidative stress

We then conducted a human study on the effects of curcumin on
exercise-induced oxidative stress [29]. Ten male students did treadmill
running for 60 min at 65% maximal oxygen uptake in a double-blind
cross-over design of placebo intake, single intake just before exercise,
and double intake before and after exercise. In the placebo trial,
exercise caused oxidative stress, but this was prevented by curcumin
intake before exercise.

Also, we conducted animal studies because we cannot obtain
information on intramuscular events in humans for ethical reasons.
Dr. Kawanishi investigated the effects of curcumin ingestion on
muscle damage induced by downhill running in mice [30]. After 2.5
h of downhill running, curcumin or PBS was orally administered,
and muscle was sampled 24 h later. Downhill running caused
production of ROS in damaged muscle, but curcumin intake prevented
it. As for chemokines, MCP-1 gene expression showed similar
patterns. Macrophage infiltration was also attenuated by curcumin
administration. To sum up, curcumin inhibited MCP-1 production,
and it reduced macrophage infiltration and ROS production. Although
the involvement of neutrophils was not examined in the study, it was
confirmed that leukocytes could be one of the targets for the prevention
of oxidative stress and inflammation in the exercise-induced muscle
damage [31-33].

Role of neutrophils in the exercise-induced muscle damage

Dr. Kawanishi also led our investigation into the involvement
of neutrophils and macrophages in exhaustive exercise-induced
muscle damage and inflammation [34,35]. I will outline the definitive
evidence we obtained using a mouse model. We know that prolonged
exercise causes muscle damage, and muscle membrane permeability
can be seen on immunohistochemistry using dystrophin and IgG
staining. In the mouse model, in the sedentary condition, neutrophil
and macrophage counts were low in skeletal muscle, but they were
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Figure 10. Effect of curcumin on neutrophil functions in vitro [22]
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Figure 11. Accumulation of neutrophils and macrophages contribute to the mechanisms of muscle injury by regulating inflammation [36]

increased after treadmill running until exhaustion. However, we could
reduce myofiber injury and proinflammatory cytokines by depleting
neutrophils before exercise -with an intraperitoneal injection of anti-
neutrophil antibody [34]. A similar finding was seen by depleting
macrophages with an intraperitoneal clodronate liposome injection
[35]. These findings indicate that exhaustive exercise caused neutrophil
accumulation and chemokine release in skeletal muscle, which induced
macrophage accumulation and proinflammatory cytokine production,
and resulted in myofiber injury. These studies provided experimental
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evidence of the involvement of neutrophils in exercise-induced muscle
damage, as modeled previously by us [36] (Figure 11).

Related and supplementary findings

Aside from functional food components such as curcumin, reducing
exercise-induced dehydration by sports drink ingestion also inhibited
neutrophil activation and cytokine release in vivo [37, 38]. Although
high-dose carbohydrate ingestion after resistance exercise can induce
muscle inflammation [39], the ingestion after endurance exercise
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Figure 12. Cover story: IL-6, as a multifunctional cytokine, may be involved in the
mobilization of neutrophils into the peripheral blood and subsequent muscle damage,
inflammation and DOMS following systemic eccentric exercise. Meanwhile, the intake
of molecular hydrogen, known to possess antioxidant and anti-inflammatory effects
in the disease model, seems to be ineffective against the inflammatory process centered
on neutrophils, following systemic eccentric exercise. Image source: https://www.mdpi.
com/2076-3921/7/10/127

does not enhance exercise-induced increase in circulating neutrophil
and cytokine levels and markers of neutrophil activation and muscle
damage [40]. Cold water immersion after resistance exercise does
not reduce exercise-induced inflammation [41]. Downbhill running, a
mode of dynamic eccentric exercise, causes muscle damage, DOMS,
neutrophil mobilization and activation, but molecular hydrogen was
not effective on neutrophil activity [42], which was covered by the
Antioxidants (Figure 12).

Further studies are needed to investigate which interventional
strategies are effective to reduce inflammation, because severe systemic
inflammation can cause multiple organ failure and heat stroke [43,44].
Therefore, these potential countermeasures not only help to reduce
pathophysiological processes, but also lead to new research findings
for the prevention of oxidative stress, inflammation, organ damage and
dysfunction [44-50].

Concluding remarks

Strenuous exercise induces leukocytosis mainly due to neutrophilia
in the systemic circulation, whereas neutrophil activity is associated
with muscle damage and other internal organ dysfunctions.
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As for the underlying mechanisms, the research findings of
exertional effects on systemic inflammation centered on neutrophils
are described above, which are together with cytokines [42,51-53] in
line with the pathogenesis of not only muscle but also multiple organ
failure in systemic inflammation, heat stroke and sepsis.

Future studies are required to examine the validity of such
prevention and treatment approaches, based on their mechanisms of
action, focusing on the benefits of measuring neutrophil functional
activity and dynamics through translational research.
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